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Table 1 List of common rare-earth phosphors and their composition.  
 
BAM BaMgAl10O17:Eu
2+ 
 Sr5(PO4)3Cl:Eu
2+ 
CAT (Ce,Tb)MgAl11O19 
CBT (Gd,Mg)B5O10:Ce
3+,Tb3+ 
LAP LaPO4:Ce
3+,Tb3+ 
YOX Y2O3:Eu
3+ 
 
Working principle fluorescent lamps
 Converts UV light to visible light 
 Contains ≈20 wt% REEs
 Microparticles 1-10 µm 
Phosphor coating on the inside of the glass
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Recycling of fluorescent lamp waste
• Important market share (EU regulations)
• Mercury content requires adequate disposal
• Contains critical REEs (Eu, Y, Tb) – supply risk
• Recycling plant in La Rochelle (Solvay 2012) 1000-3000 tons/year
• World-wide research for further optimization
• Urban mining
Source: Solvay*
2000 2002 2004 2006 2008 2010 2012 2014
0
10
20
30
40
50
60
C
it
a
ti
o
n
s
Year
 Citations for "lamp phosphor recycling"
*http://www.cefic.org/Documents/ResponsibleCare/RC-SPiCE3-Conference-2013/Day1-04-Rare-Earth-Recycling-O.Larcher-SOLVAY.pdf
Source: Web of Science
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Lamp phosphor waste composition
*Source: Solvay patent: J. J. Braconnier and A. Rollat, Solvay, European Patent, EP 2419377 A1, 2012.
Eu2O3 1 g
Gd2O3 2 g
CeO2 2 g
Y2O3 22 g
La2O3 1 g
Tb4O7 <1 g
Al2O3 7 g
CaO 35 g
BaO 1 g
MnO 1 g
Sb2O3 1 g
P2O5 27 g
Per 100 g (without SiO2)*
Name Compound Waste fraction (wt%) Value
BAM BaMgAl10O17:Eu
2+ 5 Low
LAP
CAT
LaPO4:Ce
3+,Tb3+
(Ce,Tb)MgAl11O19
5
5
High
High
YOX Y2O3:Eu
3+ 20 High
HALO (Sr,Ca)10(PO4)6(Cl,F)2:Sb
3+,Mn2+ 40-50 Low
Others SiO2 / Al2O3 / Hg (trace) 15-25 Low
Important observations:
• 70 % of the waste has no value 
• YOX holds 80% of the REE content
• YOX holds 70% of the value
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Lamp phosphor recycling: current technologies (scientific literature + patents)
Solvay patent: J. J. Braconnier and A. Rollat, Solvay, European Patent, EP 2419377 A1, 2012.
Osram patent: Otto, R., Wojtalewicz-Kasprzac, Siemens, US Patent 2012/0027651 A1, 2012
Dissolution HALO Dissolution other phosphors Separation REEs
Diluted acidic 
conditions               
Requires a series of steps using:
- Concentrated acids
- Concentrated bases
- Alkaline fusion (700-1000 °C)
Solvent extraction
- Organic solvents
- Many steps
Easy of dissolution of the different phosphors HALO >YOX >> LAP/CAT/BAM
Unfortunately, the leaching of HALO also causes partial dissolution of YOX which causes Y(III) and Eu(III) to
precipitate as inert phosphates with the phosphate ions released by HALO.
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Lamp phosphor recycling: 2 opportunities for further improvement
1. Unwanted dissolution of HALO prior to the dissolution of YOX new patent
- HALO ≈ 50 wt% of the lamp phosphor waste
- Little value
- Consumes a lot of acid
- Unwanted co-dissolution of YOX and formation of insoluble REE phosphates
- Creates waste water and solid waste
- Need for separation/purification steps
2. Very inert green phosphors (aluminates/phosphates)                 research in progress
- Important for terbium
- Energy intensive processing steps (700-1000 °C) - alkaline fusion
- Dissolution of alumina and silica (problems during solvent extraction)
PART II – Lamp phosphor recycling
Selective dissolution
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Carboxylic 
acid
Poorly coordinating 
anionZwitterionic 
betaine 
Ionic liquid design
• Functionalized ionic liquid
• Carboxylic acid group
• Hydrophobic
• Low viscosity
• Easy synthesis
• Dissolution of REE oxides
• Selectivity
Synthesis: 2 possibilities
1) LiTf2N + HbetCl [Hbet][Tf2N] + LiCl
2) HTf2N + bet  [Hbet][Tf2N] 
[Hbet][Tf2N]
This ionic liquid is known to dissolve
certain metal oxides including the REE
oxides and some transition metal oxides.(1)
Ln2O3 + 6 H
+ 2 Ln3+ + 3 H2O
(1) P. Nockemann, et al., J. Phys. Chem. B, 2006, 110 (42), pp 20978–20992
Selective dissolution
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YOX leaching (90 °C)
- Experiments carried out with a mix of HALO,YOX, BAM and LAP (4 x 10 mg/g)
- No dissolution of BAM/LAP and HALO dissolution < 0.05 wt% (90 °C and 5 wt% H2O in IL)
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Optimizing the conditions for the selective dissolution of  YOX without dissolving HALO, BAM, LAP
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Explanation for this unusual selectivity: the anion effect
Dissolution HALO: anions formed
Ca10(PO4)6(Cl)2 + 18 H
+ 10 Ca2+ + 6 H2PO4
2- + 2 Cl- + 6 H+
Dissolution YOX: no anions formed Selectively dissolved in the IL
(Y,Eu)2O3 + 6 H
+  2 (Y,Eu)3+ + 3 H2O
The ionic liquid [Hbet][Tf2N] is incapable
of efficiently solvating anions
Selectively dissolves metal oxides
Dissolution HALO <<< YOX
(impossible in aqueous solutions)
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IL temperature stability
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Ionic liquid degradation
Very good temperature stability for T < 200 °C
Other Advantages of ionic liquids
 Negligible vapor pressure + low flammability
 Relatively low toxicity
 Reusable after stripping
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Very manageable at 90 °C, 5 wt% H2O
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Stripping
Stripping of the Y and Eu from the ionic liquid
- Method 1: contact with HCl solution 
- Method 2: use pure (solid) oxalic acid  retained for process
Biphasic stripping (method 1)
- Loss of ionic liquid
- Fast stripping
- 1 M, 25 °C, 10 min
Precipitation stripping (method 2)
- No loss of ionic liquid
- Efficient stripping
- Regenerate YOX after calcination
- Stoichiometric, 70 °C, 10 min
Method 1                                 Method 2
Stripping fully regenerates the IL
=> Full reusability (no loss)
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Direct resynthesis of the YOX after calcination:
We also checked the particle size, purity, which were conform with commercial YOX
(Y,Eu)2(C2O4)3(s) Y2O3:Eu
3+
calcine
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Introduction Lamp phosphor recycling Magnet recycling Conclusions
Process Overview
1. Selective dissolution
2. Stripping with oxalic acid
3. Direct resynthesis of Y2O3:Eu
3+
3. Alternative: 1-step separation of Y/Eu 
by reducing europium
Conclusion
D. Dupont and K. Binnemans, Green Chem., 2015, 17, 856-868.
Confidential
18
Industrial upscaling
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Key advantages of the process:
 Selective dissolution of Y2O3:Eu
3+
 Recovers 70% of the value in the waste
 Few process steps (3) 
 No solvent extraction necessary
 Only consumption of oxalic acid (strip)
 Mild conditions (T < 100 °C, pH > 1)
 Fully reusable ionic liquid
 No waste created (except CO2)
D. Dupont and K. Binnemans, Green Chem., 2015, 17, 856-868.
Confidential
Industrial design:
- Very basic and compact installations
- Possibility for on-site processing for recyclers
19
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Process optimization: microwave heating
At industrial scale it would be interesting to look at the possibility of microwave heating
 Ionic liquids are heated very efficiently by microwaves (100% ions)
 On/off heating source
 No contact
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• Green chemistry article (Front cover)
• Preliminary patent filing
• Press release and wide coverage in international media
D. Dupont and K. Binnemans, Green Chem., 2015, 17, 856-868.
Output & visibility available on www.rare3.eu
21
Introduction Lamp phosphor recycling Magnet recycling Conclusions
• Recover Tb from the very inert phosphors LaPO4:Ce
3+,Tb3+(LAP), (Ce,Tb)MgAl11O19 (CAT)
Current process uses alkaline fusion (Na2O, NaOH or Na2CO3 and 700-1000 °C) to transform these 
phosphors into oxides which can then be dissolved in mineral acid solutions. 
Problems: high temperature (energy cost) & dissolution of silica (solvent extraction)
Solution:  process these phosphors in milder conditions (< 250 °C) (under development)
• Valorize the remaining residue
We are also developing a new valorization process for the remaining residue
Current work: valorizing the rest of the lamp phosphor waste
No additional information can be desclosed at this moment…
PART III – Magnet recycling
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NdFeB magnet recycling
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D. Dupont and K. Binnemans, Green Chem., 2015, DOI: 10.1039/C5GC00155B.
• Roast NdFeB magnets
• Leach with [Hbet][Tf2N]
• Automatic metal separation
• REE purity > 99.9 wt% purity
Recent work: new recycling process for NdFeB magnets using the same ionic liquid
Thermomorphic behavior induces metal separation
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Published, March 2015
(inside front cover)
D. Dupont and K. Binnemans, Green Chem., 2015, DOI: 10.1039/C5GC00155B.
Special issue on elemental sustainability 
(April 2015)
PART IV – Conclusions & outlook
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Conclusions
 New valorization  process for lamp phosphor waste
- Selective dissolution of YOX
- Reusable ionic liquid
- Little consumption of chemicals and energy
- Short and simple process
 New recycling process for NdFeB magnets 
Outlook
 Develop mild systems for the processing of green phosphor waste (LAP/CAT)
 Valorization routes for the remaining residue
For more information:
Website
www.rare3.eu
Or contact me (David Dupont)
David.dupont@chem.kuleuven.be
+32 479 45 70 25
www.linkedin.com/in/dupontdavid
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